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Motivations

Heavy ion driven inertial fusion
And High Energy Density Physics
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m . . . ** *
Il |"- An inertial fusion power plant has several parts =~ «
*

1. Driver m 2. Targets (and a factory
(accelerator or laser) - to produce about 5 per second)
to heat and compress |

the target to ignition -

4. Fusion chamber to recover
/ the fusion energy pulses from

the target

5. Steam plant to convert
fusion heat into electricity
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I| I-- Target design is a variation of the * *
1 distributed radiator target (DRT) - ¥

Foot pulse

beams
(40% of energy)

Cryogenic DT fuel capsule
has robust 2-D
hydrostability (requires less
convergence ratio, peak
density, and ablator/ice
smoothness than NIF)

New design allows beams to come in from larger angle, ~ 24° off axis.
Yield =400 MJ, Gain =57 atE =7MJ

driver
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lll.- Chamber walls are protected from bt o Tl
Il neutron damage by thick liquid jets *,

‘‘‘‘‘‘‘
- T

e

2.5 GeV Xenon beams
(yellow) focus to 2 mm
radius spots with 6
meter focal length

160-beam HYLIFE-Il chamber cutaway: Focus magnets (in green)
Molten-salt-FLiBe jets (in light blue)
Chamber is designed for 30 yr lifetime.
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Ill.- Current research on thick-liquid s 8
Il protected chambers o

8
iy (SRR il Highly smooth
cylindrical jets
UCB facility studies
Flow conditions approach correct Reynolds Slab jet arrays
and Weber numbers for HYLIFE-II with disruptions
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lll.- Heavier ions ==> higher voltage o 4 T
Il ==> lower current beams « D,

* Collective effects are reduced with heaviest ions
e More energy/particle ==> fewer particles (~10 total ions).
o Cost tradeoff: lower mass ions ==> lower voltage ==> lower cost
e Compromise with 2.5 GeV Xenon.
» SC magnets can confine beam against its space charge during acceleration.

10 | Current range of
HIF designs
Range —
(g/cm?)
Range
for ICF
targets

0.01 :
0.01 0.1 1 10

Energy (GeV)
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Ill.- An example of a driver o 4 T
with not-so-heavy ions o, *

~20 beams of ~ 50 uC/m

6.7 MJ Ne*'at 200 MeV

-‘ Target ’ —_
EEE . e —
R 1\
-—-’ \"~‘.

cusp focusing or

adiabatic plasma bI*‘ pr~gas
m

eutralized drift

High A injector Induction linac |ens/assisted pinch 1 km
Compression
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|| I'- 2.5 GeV 112-beam fusion driver: P *
Il 6.4 MJof Xett AF.

Bending Final

focusing
B 400m > /Chamber
<

_ transport
Multiple Target
lon Multiple-Beam Acceleration || Drift compression Input
Source/ 6.4 MJ

Injectors \.(ield

Induction Cores 24,000 tons
350 MJ

24.000 tonne induction cores

$720M hardware, $1 B direct, $2.1 B total capital cost
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111" Beam requirements for HIF -t
'k* **

% Representative set of parameters for indirect-drive targets
= 500 Terawatts of beam power
= peam pulse length ~ 10 ns
—> range 0.02 - 0.2 g/cm?
= focus such a large beam to a spot of ~1-5 mm radius
= desired focal length ~6 m (maximum chamber size

% Basic requirements ==> certain design choices
— parallel acceleration of multiple beams
— acceleration of needed charge in a single beam is uneconomical
= emittance required to focus single large beam extremely difficult

I US Particle Accelerator School [ —



Map of the High Energy Density Physics Universe

log n(H)/m3
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n | T T T
Shon Pulse =
. Laser Plasmas
10— f -
My \P(@38)=1Gbar  Effermi=kT T
Big Bang \1
- — 4

" 1 cbar \
- P(total}-1 Mbar 3
- =
o -
o 6F 60 M{sun) Brown Dwarf -2 8’

HED regime:
i EV > 1012 erg/cm? i 0.1to
4 1011 J/im? -
Unionized 71N . : b b ) full NIE 10 eV
E(Coulomb)ng S L mg_e__l'_—
/ <« Initial NIF
ol Giant Planet <——t— Omega and Z-pinch -2
| | | | |
-10 -5 / 0 5 10

Some of the most interesting physics is in this |og p(g/cm3)
E>kT region accessible to heavy-ion beams
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== \Warm-dense-matter regime of high energy density:*
1 physics to be potentially driven by ion beams

*

*

« WDM is that region in temperature (T) - density (p) space that is:

1) Not described as normal condensed matter.
2) Not described by weak coupling theory.
aluminum
104 | | | | |
classical plasma * I is the strong
- coupling parameter,
= 103 [ the ratio of the
;’ interaction energy
S between the
® 102 particles, V., to the
o Kinetic energy, T
£ v, 7%
2 101 R/ r=te_Z¢
~ | high density T I T
I i matter 1
WDM 100 I R B W A A R where 7 o< 7
104 102 1 102 104 p~

Density ( g/cm3)

(material from Dick Lee, LLNL/UCB)

*
*
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* * »
II Ii = Heat solid-density plasma layers isochorically with * ~ *

nsec ion pulses for equation-of-state measurements « __ «

XFEL heating uniform but small
« Foils preheated by hard x-rays Ultra-hard X-rays volumes (10’s of millijoules)

g

|

« Supersonically heated foams or MJ of soft-x-rays available
low Z materials (thermal x-rays) X-rays on Z but limited uniformity
and limited number of shots

Lasers absorb at critical density

« Shock compressed and heated thin foils laser << solid density—> large density/
pressure gradients

\

Fast heating of a solid with
penetrating ions (dE/dx vs x fairly
flat below the Bragg peak) - lower
gradients—=> more accurate EOS

¢ lon heated thin foils lon beam

\

* 100TW lasers create 10-50 mJ of ions for picoseconds - small volumes for diagnostics
» GSI-SIS-100 plans 10-40 kJ of ions @100GeV,100 ns—> large volumes but limited T < few eV
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Accelerator technology
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) ** x
|| |i|- Wiederoe’s Ray Transformer for electrons*  «
** **

From Wiederoe’s notebooks (1923-"28)

He was dissuaded by his professor
from building the ray transformer due
to worries about beam-gas scattering

Let that be a lesson to you!
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* *
[ Transformer basics * &
** **
PRIMARY
WINDING VT SECONDARY
el - P

Primary
current I
b LY
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II I- = The ray transformer realized as the * *
Il Betatron (D. Kerst, 1940) D
D
‘ |_ ..... L s ooomoos -
@_| =8 :
l 2 - BN
B! ! '

The beam acts as a 1-turn secondary winding of the transformer

Magnetic field energy is transferred directly to the electrons

For the orbit size to remain invariant

® = 2nR*B
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Kerst originally used the phrase, Induction Accelerator
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Astron-1 Induction linac (1963)
& the Astron CTR experiment
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. : i i i ) i * *
IH§I" Principle of inductive isolation *im
** **

- b

v‘—

J \

I
y
.

_
N
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|| Ii i- Properties of inductive geometry X

1. Leakage inductance: L = (u/2x) In(R,/R;)
a) i, =(V, /L)t

2. Ferromagnetic core reduces the leakage current and slows
the speed of the shorting wave until the core saturates

3. Load current does not encircle the core
a) Pulse drive properties not core properties limit I,

4. Field across the gap is quasi-electrostatic

5. Within the core electrostatic & inductive voltages cancel
a) The structure is at ground potential
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VAT = AB ‘A
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II l-- Realistic cross-section of a * *
Il small induction cell K,
- 16" -
¢ T S
Ferrite e S
%z - = = — Cell feed
Z = T I;;:1*}\ !
s w ,";
3-kG % ?’
solenoid ” LI+ Fan-out 7
ro : , bus l
Alumina Pz Ferrite
insulator T |
HISSS
%1 Fan-out
e o enclosure

Fig. 5 Typical cross section of low-gamma ten-cell module.
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|| |i|- What is the equivalent circuit o
** **

leakage

2 )
L o Other
+ core losses
Vpulser l Ibeam
[
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*

- - - - - - *
|| “ |- Characteristics of coaxial transmission lines
i

Wave velocity:

RRVATaAm

Core impedance:
Zcore=1/% =120“1/M% Ohms
Characteristic impedance:

1/2
Z=(£) =Zc°reln £ =i\/EIni - 60, M fo
C 2r \r) 2m\e I g\
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I|I-- Volt-seconds, gradient (G) & inner * *
Il radius set the induction core size w

VAT = AB ‘A ==>

GT,/f
AB

pack

Core hysteresis loop E}

Leakage current magnetizes core |

Y,
i =t
L

C

Core volume = 2nA(r +r;)
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IStri ' =p—_— - * * »
I|I-- Distribution of voltages in induction core *  *
Il (no local saturation) P,

Fields must cancel along

Lines of equal

voltage ™

“Electrostatic”
region

Voltage feed ;
[\"l/ _— the conducting edge
Ea\ 0.125 ———
e ] 0250 " 4/

0.
7
- 0875\
3 5 e,

75\ \

a2

A a0
r -
P 0.375~ ~. s

,,"T

,’ 7 ¥ 050 o
/ 0.625 ~
/ i / h\‘ i

\_ IHH l

| Laminated core

Inductive fields cancel

applied fields

e

CL
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II I- = \oltage & leakage current * e *
Il behavior at saturation Y o
* K
‘ | =+ [V,dt<0.2
Gap voltage VoAt T beam
- 7 '
i \ L= Ezcell In?o

Leakage i
current

Complete core

/ saturation

4»

l

1
EGTIOZ(Ini)
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N .. S . . B
Il |" Hysteresis losses in induction cell * *

0.6

0.4
0.2
B (T) 0
-0.2

-0.4

-0.6 @ ] 0 500 1000 1500 2000

—r H (A/m)
-1000 -500 0 500 1000

H (A/m)
B-H hysteresis model curve at t =500 nsec for Co-amorphous

State 1 => State 2: Drive
State 2 => State 1: Reset
Area = Hysteresis loss
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|| |" Core losses for amorphous materials

'md- 4 g% LA A B L . YT
1T 026050 22| 3,3annealed NG
+ 42808SC 22 29 v X
T x26055-2 22 25 o o®, Vakal
+ v28286MB 25 186 » v
¢ 2705M 23 1.4 -"
4 2605SC 20| 2.9 as-cast
1000 +
1 :
& ¥ !
< R —
S == o :
2 . g = '
8 T o @ a *” ) * I
— o] a4 & X o | ]
a v o
100 4+ a w X )
1A % v o 1 )
lL x '
1 v 7 " | |
X |
¥ v ® ‘
L v o |
v o | :
+ < | i
) |
' I
10.0 e e e A AR 44 b4
0.01 0‘10 l.w lo
dB/dt (T/ps)
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|||i|- Resetting the cores * e *
** **

% Before the core can be pulsed again it must be reset to -B,

% Properties of the reset circuit
=> Achieve VAt product > B, +B,
= Supply unidirectional reverse current through the axis of the core

— Have high voltage isolation so that the reset circuit does not absorb
energy during the drive voltage pulse

« Depends on the type of pulse forming line used in primary circuit

Core hysteresis loop
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* *
* *
** **
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'lil" The RTA Injector (1 MeV, 1KA, 375ns) +

I US Particle Accelerator School [ —
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| I.- Double 200 KV, 1.6 ps DARHT cell is of thex” *;
scale needed for HIF * *
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*
- . * *
Ill-- Looking deeper: Cells with large volt- o o Tl
Il seconds are not simple to engineer o,
oil
‘ X | % Metglas core is a winding with 3:1 ratio of
Metglas to Mylar thickness.
Metglas -gf-—=1* i Metglas conductivity: 6.66x10'¢ s (cgs)
cores e H Oil relative permittivity: 2.25
E = Mylar relative permittivity: 3.0
i Power-feeds are 3D
= | P
ﬁ— 4’ . Approximate with two 2D geometries:
\g a. Between feeds (e.g., TDC)
; b. At feeds
~]
S O IO S W B =
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Comparing 1MJ HIF linac driver example cross-sections

=0.47m

dR, dR.=0.15m

2 kA of Ar*®
beam radius
a=5cm

|
R;=017m

Unit Quad Cell
5T (peak) NbTi Nb3Sn solenoid
3.9 cm on side, 12T peak on 2cm
11 A Bi*' beam, -thick winding

radius a=0.45cm

Modular Solenoid (MS)

Multi-beam Quad (MQ) driver, driv_er system, one of
40 linacs, to produce

an RPD-like design scaled

down to produce 1MJ of 4 GeV }\Mjatot?rl\ (f)”f 500 MeV

Bi+ ions in a single pulse. r+3 with Tive pulses
per linac.

20
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IlII° Why HIF Chose Induction ' o

Induction linacs handle high currents naturally.

Cor |
11d2B ¢ N
T d
11d28 7 +w zld(2h +0d)
: T

Efficiency =

—>| >«

Voltage Core volume Beam
across
gap Loss function (frequency dependent)

| AB
| AB +w (2h +d)

MNia =

Efficiency increases as current increases

==> Multiple beams within single induction core
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|| |i|- Schematic of induction linac power system = }

,_[ DC POWER SUPPLIES ]

(~ RESONANT ) i ~N
CHARGING MAGNETIC PULSE COMPRESSORS
| "’—_‘["'{ E??u |
w
EEEL
L I
\ - ) \ . - O O )
— )
TRANSMISSION
LINES
o2 Bt
ACCELERATOR CELLS | |

-
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A brief word about instabilities
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jjz= Beam breakup mode is driven o o By
1" by large currents

* Off axis beam entering accelerator gap excites dipole
(M=1) TM

% Mode has an E, that can extract energy from the beam

% Mode has a transverse B that gives the beam an oscillating
transverse impulse

% Oscillating transverse impulse develops into transverse
displacement in B, field between gaps

% Beam enters next gap with a larger displacement than at
previous gap-thus displacement grows
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II I-- Misalignment and energy sweep lead to :* *

Il “corkscrew” increase in emittance I,
X
+ Y /
X
t t
Initial beam displacement Energy variation
X
i0

>

Beam displacement downstream
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I .
* *

Bunch compression
&
Progress in HIF beam physics
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Illil- Bunch length compression is integral by *
part of HIF concept « M,
1.6 MeV
2.5 GeV Xe*t : _
Bendin
o7 Albeam 130 A/beam 9 fgzzl'sing
Hs 2 km 200 ns
112 beams <« > \1/4 400 m )\ /tChambet[
ranspor
Multiple p
lon _ _
Source/ Drift compression
Injectors
<
Relative beam bunch length at end of: injection
acceleration 2.5 GeV
: > 3.3kA/beam
drift compression 8 ns

Within accelerator, average induction pulse ~300 ns

Target requires pulse duration of ~10 ns
US Particle Accelerator SChool AT~



. i *
II I- == How much is emittance degraded from source o *
: : s
Il totarget? how is coupling to targets affected? 7, p
urce and ane'CE' Accelerator J|  Drift compression
[ L1
Beam mismatches Random acceleration and
focusing field errors Chamber
Beam loss- halos, gas desorption, Ap,- momentum Slr];s:r?;get
neutralizing secondary electrons spread increase int ti
h drift interactions,
\éV(IJmpression instabilities,
Issues that can affect beam th/dX.' 'on
focusability-emittance and ~topping
brightness Issues that can affect

beam-target coupling

I US Particle Accelerator School [ —
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I|I-- Recent VNL experiments addressed key :* *

ISSUES affectlng beam brightness L
Source-
Injector Neutralized
te_s_t Transport B
facility Experiment
(STS) (NTX)
High
Current
Experiment
(HCX)
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Merging beamlet injector experiments on STS-500 validated
the concept of this compact, high current source

» Monolithic solid sources suffer from poor scaling vs. size at high currents
* This new concept circumvents the problem via use of many small, low-current sources

Simulation | Experiment
From a full-
gradient
(parallel- y (m)
beamlet)
experiment
-0.05 x(m) 0.05 -0.05 x(m) 0.05

From scaled merging experiment:
» Obtained emittances comparable to simulation
« Effects of “dirty” physics (electrons, charge exchange)

were minimal
*Scales to 0.5 A, 1.6 MeV, ~1 r-mm-mrad, 13 mA/cm?2
[ | N | —
e — e~ R e L g --«;,--—-"?’ TR T i y g o e SR
x(mm) Frotme——— s e — ' g ———e
peant . | I_ I_

-1.5

I The Heavy lon Fusion Science Virtual National Laboratory I '_'\'\{fl E —gpppl.
71212006
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*

U High Current Experiment (HCX) studies * ™
I high current transport S

* %
Transport: aperture limits, electrons, gas effects, halo formation, steering

‘ e o v/ ¥
- Y4 \
f 4
’ .

dlagnostlcs. i_V N, 2
: ~\*4 )

i D%
1Q..ES quada d’ i 7(/
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. i w x
II |" HCX experimental results XL
¥ i
* K
North Scanner - 150kV 48A-heater
Secondary electrons Phase Space Bloxii2i-i628

per |On |OSt Y Y-I"Emu =v22l n-mmv-mmd

, St 94% : 4.8<1<9.6
1 MeV K+ on SS target, baked overnight & run at 220 C (1-8-03) ( SAR2AES)

150 '
0 e
o '
£ I
0 -5
c 100 20}
: / T B
8 (a) X (mm) 4 mm, 0.3mR php
[} X' vs X
s oolof " T T T T R e I T L Ol
- / 150
= 30 A -
2 )/O/‘ 0.005
0 !
£ — o NeNh ¢ : - 100
Y —6.06/cos 0.000|-
0 f

. 50
0 Ll 1 Ll 1 Ll 1l |- Ll 1l |- Ll 1 ()_(X)S:
16 8 80 82 8 8 8 0 i
Angle of incidence (deg.) T
(b) X
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x ¥ %

II I- = Neutralized Transport Experiment (NTX)*
I tests focusing & compression ko w

Focusing: aberration control, plasma control technigues and diagnostics

with plasma

without plasma ;
1 2cm

0 1T 2cm

Focal spot images

I US Particle Accelerator School [ —



I I.- Neutralized Transport Experiment (NTX): *

Il final focus with plasma neutralization o S
PPPL ECR plasma source

Q3 Q4
s 48Tim aom‘n""aa'r/rﬁ“'sgwl NTX gun current = 80mA @ 0.4 MeV very
o | Measured emittance g = 0.1 mm-mr.
N I B
a,b(mm) '.\
® //\\/ \ Simulations predict 99% neutralization
@ / : \ \ NON-NEUJ RALZED e
3 ke — B /?
1.6MeV, 06 A -20 mr
S 0 08 n-mm-mr:inormalizp_d 2 ] 1.6 mm spot size 5
Z(m)

US Particle Accelerator School
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N . 1 * ¢
|||" Bunch compression on NTX 11
** **

t = 1374. ma
NTX NDC Tronsport sigma plosma 40% tilt: ntxlsp — Mon Feb 23 16:33:51 2004

li_l s T T T T . T T T T T T T T
. :
e 3 S

Shapshots of a beam ion Bacgkground
bunch at different times plaéma @ 10x <-Ramped 220-390 keV K* ion
3 ......... é H .......................................................... 5é.éf.f.r..]...d..ér‘..éi.t.y....‘.E beam injected into a 1.4-m o

: : 1 long plasma column:

(not shown)

*Axial compression 120 X

..................................

X cm

*Radial compression to 1/e
focal spot radius < 1 mm

*Beam intensity on target
increases by 50,000 X.

< »Existing 3.9T solenoid focuses beam
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The neutralized drift compression experiment (NDCX-l) continues to
improve longitudinal compression of intense neutralized ion beams

Shorter pulses (2.4 ns) obtained with
new Ferro-electric plasma source

)
100443 I'WIHN 2.4 05
80
e E iz : 100825, Fi s
70 21 K25, FWHM »
L an I=—ruevsorrnutoszrw
T HM2.4 ns
50 -
§ '3
o 40 -
o
g 30
g 20 ©
9 40
v s
40
5070 50490 5110 5130
Time [n2)
Simulations
predict higher

compression with
new induction
bunching module
to be installed

tpis summer

I The Heavy lon Fusion Science Virtual Nz
3/712007

t 60x compression
1 measured, modeled

Bunching Diagnostics

Plasma. “Plas
columh

may yield 250x
compression

d

D 03 200 300 400 SO0 £Q0 VOO 200 Q0 1000 1120 1200
Time [ns)
ENEEE /1SRN e



LLNL has donated 30 surplus ATA induction modules
now located at LBNL- sufficient for NDCX-II

30 ATA Inductlon Cells = 6 MeV ATA Transformers & Blumleins aisa

————
) h]\\-\
\ S ‘ Ty "

¢« We have shipped hardware for
30 induction cells to LBNL.

e We are building a high-field
pulsed solenoid to fit into an
ATA induction cell for tests.

e Hardware for two cell units has
been refurbished for testing.

24 -
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The FY09 request budget with $1.3 M for hardware would compete 2/3
of NDCX-Il assembly using existing ATA equipment now at LBNL.

400 kV Marx Generator Neu
& Dm,
K* Ton Source LA
\ C ndmhu

Solenoid
Transporl

Bunching
Maodule

EXISTING NDCX-1

;'if |

Li* lon Source
Accel-Decel In}ecto:

Neutrall?ed Accelerator Bunching
|lt Compression (Solenoid Iransport) be(tlons /

“ (ALY

oot
- o

Final Bunching

Module

Matching
Solenoids

2.8 MeV NDCX-II
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Work in progress: we are evaluating ways to apply what we learn
from our HEDP research towards heavy ion fusion energy

400/300 kV
accel-decel One of 20 modular induction
140 kHz injector  Jinacs (each end), 5 bunches  pyift compression of neutralized
12A,6 us ECR  per linac into annulus array. bunches in plasma ~ 260 m. Target

Arl.source Acceleration length L.~75m 500 MeV head, 600 MeV tail Chamber

:l 1 a3 : T
Pre-bunch . Few-kG ~
drift section Load and Solenoid Annulus of 20 -
fire portion : . i ) 1-cm beams at
- Fast ramping dipole “kicker’
U 26 m ping <P final focus (each

@ vacuum / plasma transition

Sketch of a modular, multi-pulse heavy ion driver. Pulses
overlap at the target-> 500 TW peak power in 2 ns - <1 MJ driver? (TBD)

end, one shown)

- Key enabling advances that will help both HEDP and fusion:

* Neutralized drift compression and focusing.
 Time-dependent correction for improved achromatic focusing.
« Multi-pulse longitudinal merging and pulse shaping.

« Fast agile optically-driven solid state switching.

I The Heavy lon Fusion Science Virtual National Laboratory IE—— 1':% E %Ppl
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N - ) ol 3 ~
I' ||| Source-Injector test facility (STS) * %
* *
* *
0.025
80kV,1.9mT
g 0.020 -
£
g
£ o015
g 0.010 -
g Beamlet
2 00057 brightness
measurement
0.000 ‘ ‘ ‘
2.5 3 35 4 45

Current (mA)

. . = 0©%04 g ]
Injector Brightness: S s 33 r -
. X | sometnees | % o8 2%
source brightness, 0 eletelelecy 2 avaral S22 XEBRLSS
- Seseestel VA ) 5g
aberration control with ' 1/
apertures, g - SUSEUUSHSUSN N SOUDIN NI
= Ycem 2 0 0510 st(m%.o

beamlet merging effects _ _ _
3-D simulation of multiple beamlets
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